the PAA/PAH multilayers assembled at pH 5 had the most negative outermost layer. The subsequent adsorption of the cationic polyelectrolyte or the neutral polymer again shifted the sign of the zeta potential to positive. Thus, changes in the zeta potential value occurred with each sequential adsorbing layer 2 and confirmed the stepwise polyelectrolyte multilayer growth on the microsphere surfaces ( Figure S2 ). Figure S2 . Zeta potential (ξ) as a function of the number of layers of polyelectrolyte for PAM g (red), PAH2.5 g (green), and PAH5 g (blue). The PAA and PAH layers show negative and positive zeta potentials, respectively. The zeta potentials of PAAm are less negative than those of PAA. Figure S3 . ATR-FTIR spectra of the neat PLLA microspheres (black) and the polyelectrolyte multilayers (PEMs) that are alternately assembled onto the surface of (A) the non-grafted PLLA microspheres with the following systems: PAM n (wine); PAH2.5 n (dark cyan); PAH5 n (light blue) in the wavenumber region of 1800-1500 cm -1 and (B) in the region of 3800-2300 cm -1 . (C) The PEMs that are alternately assembled onto the surface of the PAA-grafted PLLA microspheres scanned over the region of 1100-600 cm -1 with and without GO and Fe 3 O 4 nanomaterials.
Surface chemistry
For all of the non-grafted PLLA microspheres, the adsorption of PAA/PAAm or PAA/PAH multilayers onto the microsphere surfaces and, thus, the growth of the polyelectrolyte multilayers were confirmed by the different intensities of the absorption bands of the first, third and sixth bilayers. This phenomenon indicated that the hydrophobic PLLA was reactive with the weakly charged polymers that were physically adsorbed via electrostatic interactions (or hydrogen bonding). At the first bilayer, the FTIR spectra of the PAA/PAAm layers were not clearly observed on the non-grafted microsphere surfaces, but a small absorption band could be detected near 1623 cm -1 . This band agreed well with the absorption band of the primary amide in PAAm chains (amide II). The amide I band of PAAm at 1674 cm -1 was detected after adding more alternately deposited polyelectrolyte multilayers ( Figure S3A ). The FTIR spectra of the assembled PAA/PAH multilayers at two different pHs, i.e., pH 2.5 and 5, were also observed ( Figure S3A) . A distinct peak for the carboxylic acid functional groups of PAA in the 1550-1540 cm -1 region demonstrated an agreement with the asymmetric stretching band of the ionized carboxylate (COO -1 ) groups, whereas the absorption band at 1725 cm -1 is associated with the C=O absorption band of the carboxylic acid (COOH) groups. 3 Additionally, a peak representing the COO -1 of PAA/PAH at 1600-1500 cm-1 at pH 2.5 was detected at the third bilayer and upward, which may indicate that the hydrophobic character of the base substrate and the main chains of the polyelectrolytes affected the ionization of the carboxylic functional groups in weak polyacids and bases. 3 However, the hydrophobic nature of the base substrate and the polycation electrostatically induced the ionization of the acrylic acid groups. The positively charged groups abundantly existed in the system due to electrostatic effect could also increase the degree of ionization of PAA chains 3 and this effect was significantly observed by the presence of the ionized carboxylate groups at low pH. The N-H and C-H stretching bands of PAH in the 3800-2300 cm -1 region were enhanced when the pH of the solution was increased from 2.5 to 5 ( Figure S3B ), though no strong overlapping aminemethylene stretching bands were observed. 3 These surface chemistry results confirmed that the adsorption of PEMs depends on many parameters, one of which is the base substrate. DAPI has an excitation wavelength of 340-350 nm and an emission wavelength of 450-460 nm, 5, 6 and it emits a blue color after absorbing photon energy to excite a fluorophore compound ( Figure S5 ). 7 DAPI has been widely used to stain DNA, membranes, and both soft and hard tissues in tissue engineering studies. 8 DAPI was used as a model molecule to investigate whether the functionalization of fluorescent dye molecule onto the PEMs could occur or not. In other words, the grafted and non-grafted PLLA microspheres were immersed in a DAPI solution at pH 7.4 to evaluate the interaction of the DAPI and the PEM thin films. DAPI can be covalently attached to the target molecules or samples by forming an amide bond. 9 The PLLA microspheres did not emit a blue fluorescence color because there was no strong binding between DAPI and the PLLA backbone ( Figure S5A ). However, hydrogen bonding between the fluorescent dye and all of the grafted surfaces resulted in a blue color (Figure S5B-D) . Unlike the SEM characterization, in which changes in the morphological structures were observed, no significant changes in the blue color emission were observed between the grafted ( Figure  S5B-D) and the non-grafted PLLA microspheres onto which the PEMs were alternately attached ( Figure S5E-F) . Thus, DAPI was bonded onto the PEMs that were assembled on the surfaces of both the non-grafted and grafted PLLA microspheres. The microsphere-based scaffolds were kept in an oven at a temperature of 55-65° C to maintain the stability in the high pH DAPI solution, i.e., 7.4. More importantly, the PEM-adsorbed PLLA microspheres did not emit a fluorescent blue color when medium temperature was not applied to the microsphere-based scaffolds.
Swelling behavior of the 3D microsphere scaffolds
Both types of 3D microparticulate scaffolds that were fabricated from the assembly of the PEMs on both non-grafted and grafted microspheres swelled upon immersion in water ( Figure S6 ). For the grafted systems, PAH2.5 g swelled ~75 % before they reached the equilibrium swelling ( Figure S6A, blue) . The amine group of PAH influenced the swelling behavior of PAH2.5 g because acrylic acid groups are fully protonated at low pH. At a higher pH, PAH5 g reached a slightly higher swelling equilibrium of ~90 % due to the free carboxylic acids of PAA that are ionized and the amine groups of PAH, resulting in chain extension driven by the electrostatic repulsion. 10 At low pH, PAM g demonstrated a lower swelling than PAH2.5 g due to the charge neutrality of PAAm, and it reached a swollen state of ~ 30 % ( Figure S6A, red) before equilibrium. Thus, the PEMs on the grafted surfaces swelled more than they did on the non-grafted surfaces. The dynamics of the swelling of the polyelectrolytes were evaluated using the following equation: (1) where Q t refers to the amount of water adsorbed at time t, Q ∞ is the amount of water adsorbed at equilibrium at time t, k is a characteristic constant that depends on the polymer network structure, and n is the type of diffusion. Equation 3 is valid when the fraction of the water adsorbed at time t is less than 0.6. 11 The experimental data of PAM g demonstrated a good fit to the Ritger and Peppas model with a high coefficient of determination (R 2 Figure S6B, black) . The curve fitting indicated that the swelling dynamics of the 3D scaffolds of PAM g and PAM n were driven by Fickian diffusion because the n value was lower than 0. 4. 12 Additionally, at a pH of 2.5, the 3D scaffold that was prepared with surface grafting swelled faster than the non-grafted scaffold. For the systems in which the adsorbed water fraction was higher than 0.6, [11] the swelling mechanism was assumed to be induced by the relaxation process of the polymer network and fitted to the first-order sorption model that was developed by Berens and Hopfenberg: 13 (2) where A and k 2 refers to a pre-exponential factor and a relaxation constant, respectively. PAH2.5 g agreed well with the first-order sorption model with a statistical R 2 0.99, which resulted in an A and k 2 of 1 and 3.5 x 10 -2 s -1 , respectively ( Figure  S6B, blue) . Thus, the swelling of PAH2.5 g may be driven by a relaxation-controlled process. However, the PEMs adsorbed on the non-grafted microspheres at low pH may have been influenced by a diffusion process because the swellig mechanism was fitted to the Ritger and Peppas model with a R 2 0.97. The characteristic constant (k) and the n value were estimated to be 1.3 x 10 -1 s -1 and 0.2, respectively ( Figure S6B, green) . The 3D scaffolds of PAH5 g and PAH5 n did not exhibit a good fit to either Ritger-Peppas's or Berens-Hopfenberg's mathematical models. The swelling phenomenon of the (PAA/PAH) 6 multilayers that were adsorbed on the two different substrate surfaces exhibited different swelling dynamics in contrast to the (PAA/PAAm) 6 multilayers, which seemed to be affected by a diffusion-controlled mechanism.
In order to further investigate the effect on the swelling behavior of PEMs onto the grafted surfaces, two selected 3D microsphere scaffolds, i.e., PAM g and PAH2.5 g, were immersed in water solution at pH 6.5. Prior to PBS immersion, these two scaffolds were kept in oven at medium temperature similar to what was done for surface fluorescence analysis to maintain the stability of the PEMs. When the pH was increased to 6.5, PAM g reached a swollen state of ~ 80 % before the equilibrium state, or it was almost three-fold higher than PAM g that was immersed in water at pH 2.5. Somewhat similarly, PAH2.5 g also demonstrated significant swelling behavior up to ~ 100 % before its equilibrium ( Figure S6C ). Unfortunately, none of these swelling dynamics was well-fitted to the Fickian diffusion model or the relaxation model. A new mathematical model of swelling dynamics should be further developed to understand weak PEMs that are sequentially adsorbed on PAA-grafted PLLA microspheres. However, an increase in the pH led to an increase in the swelling behavior of the PEMs. The grafted surfaces made the PEMs, which were assembled via electrostatic interactions, i.e., (PAA/PAH) 6 multilayers, expand more than the non-grafted surfaces, which results in highly swollen materials.
